Abstract This paper shows a new multidisciplinary interpretation approach to the internal structure of Tenerife Island. The central core of this work is the determination of the three-dimensional attenuation structure of the region using P-waves and the coda normalization method. This study has been performed using 45,303 seismograms recorded at 85 seismic stations from an active experiment (air gun shots) conducted in January 2007. The interpretation of these new results is done combining the new images with previous studies performed in the area such as seismic velocity tomography, magnetic structure, magnetotelluric surveys or gravimetric models. Our new 3D images indicate the presence of seismic attenuation contrasts, with areas of high and low seismic attenuation patterns. High seismic attenuation zones are observed both in shallow and in deeper areas. The shallowest area of Las Cañadas caldera complex (1-3 km thick) is dominated by high 
Introduction
Obtaining comprehensive models on the dynamics of volcanic systems, combining geological and geophysical data, is important to understand their past behavior and to predict their future activity. Different high-precision geophysical techniques, such as seismic tomography, magnetotelluric or gravimetry, provide good insights into the internal structure of volcanic systems and, when combined with stratigraphic, structural, petrological and geochemical data, may allow us to identify the main constraints on the dynamics of a particular volcano. Recently, seismological studies of volcanic regions are introducing a new and stable tool to add new and valuable information on the internal structure: seismic attenuation tomography. This technique is based on the study in heterogeneous media of the dissipation and scattering of the seismic waves (Del Pezzo 2008) . The advantage of this procedure in comparison with the classical velocity tomography is that seismic wave attenuation is more sensible to the physical contrast of the medium (Sato et al. 2012 ). In the last few years, many examples highlight this evidence. Thus, Martínez-Arevalo et al. (2005) in their study of Etna volcano confirmed the presence of a high consolidate body in the central structure of the volcano that modifies the magma path in its ascent producing new adjacent vents. In a similar way, Del Pezzo et al. (2006) and De Siena et al. (2010) studied Vesuvius and Campi Flegrei volcanic regions, respectively, using attenuation properties. These authors confirmed the high contrast of attenuation associated with unconsolidated, highly fractured, hydrothermal systems and partial melt materials in both neighboring volcanic regions. In Mount St. Helens volcano, De Siena et al. (2013) used different attenuation techniques identifying important volcanic structures such as the main path of magma ascent from depth. In another sense, Prudencio et al. (2015) confirmed the effects of unconsolidated materials, hydrothermal system and partial melt rocks under Deception Island on the pattern of attenuation. In addition, in the same volcano, the contrast of the crystalline basement and volcanic structure observed by Zandomeneghi et al. (2009) is more clearly detected when separation of intrinsic and scattering attenuation is obtained (Prudencio et al. 2013b ). These observations done in Deception volcano caldera are very close to others performed in a very similar volcano, but located in an opposite region (Alaska against Antarctica), as those made in Okmok volcano (Ohlendorf et al. 2014) . As De Siena et al. (2013) concluded: ''these techniques represent the future of seismic volcano imaging. '' Tenerife Island is the largest, highest and the most complex island of Canary archipelago (Spain). In terms of its historical eruptions records, at least seven eruptions have been reported (Romero-Ruiz 1991) in the last 500 years. The Holocene eruptive record includes several tens of monogenetic eruptions and at least 16 eruptions from the central complex Teide-Pico Viejo (Carracedo et al. 2007; García et al. 2014) . The scientific importance of this island is evidenced by the large number of geological, geophysical and geochemical studies performed on it in recent decades. Despite the large number of studies, there is a non-unique model of the evolution of the island and neither of its internal structure, and even the origin of the whole archipelago is still a close topic and few theories could be considered at present as potentially valid (e.g., Fullea et al. 2015) .
In the present work, we perform a seismic attenuation tomography of Tenerife Island using P-waves and the coda normalization method (De Siena et al. 2014) . Data used in this study were obtained by an active seismic experiment performed in 2007 (Ibáñez et al. 2008) and were used to obtain a high-resolution velocity tomography of the same region . The objective of this paper is to provide new information on the inner structure of the island that could permit us to better understand the volcanic framework of the region. This information will be interpreted jointly with other geological and geophysical evidence and will allow us to propose an advanced model of the internal structure of the island. Since the results of seismic attenuation are robust and reliable, we are certain that this new interpretation will help significantly in the improvement of the knowledge of the region.
Geological and Geophysical Framework

Geological Introduction
Tenerife is the largest (2058 km 2 ) and highest (3718 m) island of the Canarian archipelago (Fig. 1) . The geological evolution of Tenerife involves the construction of two main volcanic complexes: a basaltic shield complex ([12 Ma to present, Abdel-Monen et al. 1972; Ancochea et al. 1990; Thrilwall et al. 2000) and a central complex (\4 Ma to present, Fúster et al. 1968; Araña 1971; Ancochea et al. 1990; Martí et al. 1994) . The basaltic shield complex is mostly submerged and forms about 90 % of the volume of the island, continuing at present its subaerial construction through two rift zones (Santiago Rift Zone and Dorsal Rift Zone, Fig. 1 ). The central complex comprises the Cañadas edifice (\4-0.18 Ma), a composite volcano characterized by several explosive eruptions of highly evolved phonolitic magmas, and the active Teide-Pico Viejo twin stratovolcanoes (0.18 ka to present) (Fig. 1) . These last have evolved from basaltic to phonolitic and have mostly undergone effusive and explosive activity. The Cañadas caldera, in which the Teide-Pico Viejo stratovolcanoes stand, truncated the Cañadas edifice and was transformed by several vertical collapses, which were occasionally associated with lateral collapses of the volcano flanks (Martí et al. 1994 (Martí et al. , 1997 Martí and Gudmundsson 2000) .
Recent volcanic activity is mostly represented by monogenetic basaltic volcanism located along the rift zones or scattered throughout the southern part of the island (Southern Volcanic Zone, Fig. 1 ) and, by the Teide-Pico Viejo stratovolcanoes (Fig. 1) , with basaltic to phonolitic emissions .
The evolution of subaerial volcanism on Tenerife has been controlled mainly by the ENE-WSW and NW-SE oriented tectonic trends (Martí et al. 1996) . Evidence comes from geophysical studies of the oceanic basement around and below the Canary Islands (Dash and Bosshard 1969; Bosshard and MacFarlane 1970; Verhoef et al. 1991; Mezcua et al. 1992; Roest et al. 1992; Watts et al. 1997; Mantovani et al. 2007 ) and from dikes Martí et al. (2012) ]. We marked the higher-resolution area of Fig. 10 distribution and the alignments of recent mafic vents. The predominance of these tectonic trends on Tenerife during its whole history suggests the importance of a long-lived regional tectonic control on the ascent of mantle-derived magmas and the distribution of volcanism.
Morphologically, the island of Tenerife is characterized by the superposition of the two volcanic complexes, basaltic shield and Las Cañadas edifice, which confer the characteristic pyramidal profile to the island. However, it is also important to mention the existence of four large depressions formed during destructive episodes and that correspond to the Las Cañadas caldera at the central part of the island and to the landslides valleys of Guimar, to the south, and La Orotava and Icod to the north (Fig. 1) .
As indicated above, Tenerife has been the focus of several volcanological, geological, geochemical and geophysical studies in recent years. In the bibliography, there are recent works that provide a complete and well-structured review of them, such as Soler-Javaloyes and Carracedo (2013) , Piña-Varas et al. (2014) or García et al. (2014) .
In the present review, we will focus our description on those works that will help us to better understand and interpret our results, which basically are works on magnetic properties, magnetotellurics and seismic tomography.
Magnetic Properties
Recently, Blanco-Montenegro et al. (2011) presented a 3D structural model of Tenerife Island based on high-resolution aeromagnetic data. These authors identify a central basaltic shield that they interpreted as the origin of the island. This structure supports the model of a unique origin of the island in opposition to the three-armed rift system that could be present in the early stage of the island. Additionally, they identified the existence of consolidated dikes surrounding this central shield, interpreted as the consequence of magma intrusion from the early volcanic phases of the island. Additionally, in the shallower part of the island they identify some geometries that can be interpreted as round local landslides. Finally, they support the idea that the origin of the Las Cañadas caldera is associated with a vertical caldera collapse. Pous et al. (2002) in their magnetotelluric study of Las Cañadas caldera found an area with high conductive anomaly that was interpreted by the existence of highly fractured rocks and fossil hydrothermal alteration located parallel and close to the caldera wall marking the position of the structural border of the caldera. Additionally, they identified two main shallow aquifer zones in this area. These results support the theory of multiple vertical collapse origin of the area. Similar results were observed by Coppo et al. (2008) using a more complete audio-magnetotelluric sounding profiles. They confirmed that Las Cañadas caldera structure is the result of at least three vertical collapses of different volcanic edifices which occurred during the last million years. Piña-Varas et al. (2014) studied the resistivity structure of Tenerife using different magnetotelluric surveys. They observed several areas with low resistivity values that mainly are associated with the presence of many geothermal systems. They performed a preliminary correlation with P-wave velocity models that also is the topic of the unpublished paper (García-Yeguas et al. 2015, in preparation) . These authors found a deep area of medium resistivity values that are interpreted as potential partial melt region that could be the energy source of the hydrothermal activity. García-Yeguas et al. (2012) presented the first seismic tomography image of Tenerife Island using active seismic data obtained in the TOM-TEIDEVS experiment (Fig. 2) carried out in January 2007 (Ibáñez et al. 2008) . The inversion of these data permits us to obtain a 3D velocity model from the top of the island (Teide-Pico Viejo-Cañadas complex) to 8-10 km below sea level. One of the main conclusions of this work is the presence of an unique high-velocity structure at the maximum resolve depths in the center of the island. This central structure characterized by high P-wave velocity was interpreted in concordance with other observations and the hypothesis made, for example, by Martí et al. (1994) , Ablay and Kearey (2000) , Pous et al. (2002) , Gottsmann et al. (2008) or Geyer and Martí (2010) that postulate the presence of a single basaltic shield and, therefore, the formation of Tenerife arising from a single central volcanic structure. This interpretation is in agreement with Blanco-Montenegro et al. (2011) . The surrounding and shallower regions are characterized by low-velocity structures which are associated with unconsolidated materials, hydrothermal alterations and the residual effects of recent volcanic These external areas, also characterized by low P-wave velocity, were interpreted as complex fractured regions, hydrothermal alteration and the presence of volcanoclastic deposits, among others. In the whole island, scattering phenomena are more important (in terms of attenuation contribution) than intrinsic attenuation. De Barros et al. (2012) analyzed the potential effects on secondary arrivals produced by possible structures that generate scattered waves. They used the same dataset of García-Yeguas et al. (2012) , and they identified two main bodies: one located at 7-9 km b.s.l. in the north part of the island and other at 1-4 km b.s.l. below the Cañadas caldera. They associate this shallow structure with a potential phonolitic storage area that could feed the Teide-Pico Viejo complex in the past. The presence of important structures that produce coherent scattered waves in Tenerife was already observed, also at shallow regions, by Del Pezzo et al. (1997) . At deeper zones, Lodge et al. (2012) studied received functions recorded with the same seismic stations as used by the above authors. They found magmatic underplating beneath Tenerife Island and areas of low velocity that are interpreted as partial melt regions at depth 8-10 km b.s.l. These observations are in agreement with a previous study of Dañobeitia and Canales (2000) . These authors found two regions of low velocity below the main volcanic edifice: the shallower one, located around 4-8 km b.s.l., and the deeper one, characterized by low crustal P-wave velocity and located near the crustal-mantel boundary. They located this area between 17 and 25 km b.s.l., and it is interpreted as a magma underplating below Tenerife Island. The natural seismicity of the island at present is very low (Almendros et al. 2000 (Almendros et al. , 2007 and also due to the reduced number of permanent seismic stations in the island, seismic source models are not too accurate. Recently, Domínguez Cerdeña et al. (2011) relocated the seismic activity associated with a strong seismic swarm which occurred during [2004] [2005] . These authors proposed a source model of this seismic swarm in which a possible magma intrusion at depth around 4 km (b.s.l.) takes place in the central part of the island below Teide volcano. The seismicity is the brittle response of the medium due to the effect of the increase in the pressure due to magma and gases movement. This magma intrusion was observed neither with the magnetic inversion nor with the seismic velocity tomography.
Magnetotelluric Properties
Seismic Tomography and Seismic Studies
Data and Method
Data
In this study, we used initially the dataset used to obtain 3D velocity structure by García-Yeguas et al. (2012) consisting of 103,750 waveforms. In Fig. 3 , we show four recordings produced by shots located in the north and registered at stations 14, 75, 40 and 51 of TOM-TEIDEVS experiment. These stations are located either on or around Teide volcano. The corresponding waveforms show good signal-to-noise ratio after filtering data in the 4-to 8-Hz frequency band (central frequency 6 Hz).
The selection of the unique frequency band used (4-8 Hz) has been performed on the basis of previous consideration done on the same dataset by García-Yeguas et al. (2012) who found that the signal-to-noise ratio is largely acceptable in this band around the P-wave first arrival. We checked that the signal-to-noise ratio is sufficient in the whole seismogram utilized for the present analysis in this band and decided to restrict the analysis to this frequency band on the basis of the following considerations: (1) At frequencies lower than 4 Hz, coherent surface wave trains may introduce some bias in the estimation of the coda parameters; (2) at frequencies higher than 8 Hz, the anthropogenic noise may alter the coda envelope at long lapse time, thus introducing further bias. The selection of a unique (restricted) lapse time range (up to 20 s) is due to the necessity of investigating the smallest possible earth volume containing the Tenerife volcanic complex. Longer lapse times, on the other hand, would have reduced the number of available seismograms, due to the decrease in the signal-to-noise ratio at lapse times higher than 20 s. García-Yeguas et al. (2012) used the waveform dataset produced by the TOM-TEIDEVS active seismic experiment (Ibáñez et al. 2008 ) to invert 3D distribution of absolute P-wave velocities under the island. P-wave travel times are inverted using the code ATOM-3D, a tomography algorithm adapted by Koulakov (2009) for the 3D tomographic inversion based on active seismic data. The velocity model is distributed on a set of nodes whose distance depends on ray density and spans an area of 40 Â 40 km 2 . The minimum node spacing is set at 0.7 km, and a continuous velocity distribution, necessary for the application of the ray tracing, is obtained by linear interpolation.
Velocity Model and Ray Tracing
On this velocity model, we used a Thurber-modified ray-bending approach developed by Block (1991) which is an extension of Um and Thurber (1987) . This approach has been recently applied by De Siena et al. (2010) in Campi Flegrei. The vertical ray distribution is . P window and coda window lengths used in the analysis are represented with blue and red squares, respectively. The panels on the bottom show the P-wave (blue line), coda (green line) and noise (red line) spectra for each seismogram. We marked the frequency band analyzed in the present work by dashed line plotted in Fig. 2 . This ray tracing algorithm has recently been tested and applied to active waveform data by Prudencio et al. (2015) at Deception Island. Between the surface and a depth of 12 km, a count of ray density confirms the applicability of attenuation tomography between depths of À2:2 and 12 km. Therefore, the velocity and attenuation models are comparable if we use a grid having the same lateral extension of the first grid described by García-Yeguas et al. (2012) .
P-wave Attenuation Tomography with the Coda Normalization Method
We use the coda normalization (CN) method to measure the single-path attenuation coefficient or, equivalently, the S-wave quality factor, Q S . The earliest version of this method (Aki 1980 ) was utilized to calculate the space average S-wave attenuation in Japan. It is based on the concept of ''coda normalization,'' that in turn is based on the phenomenological coda wave properties. Aki (1980) showed that normalizing the direct S-wave spectrum for that of coda waves around a given ''lapse time'' (the time spanned from the origin time along the coda), the source intensity, the site transfer functions and the instrument transfer functions disappear in the ratio. More recently, Yoshimoto et al. (1993) showed that the direct P-wave spectrum can be normalized in the same way and extended the CN method to the measurement of P-wave attenuation coefficient. It is also noteworthy that the CN method can be successfully applied to separate frequency bands of the seismic spectrum, providing Q-estimates as a function of frequency (Aki 1980; Yoshimoto et al. 1993) . The details of the application of CN method to single-path attenuation estimates are reported first in Del Pezzo et al. (2006) The energy spectrum around the frequency f c of the P-or S-direct wave train, E P;S ðf ; rÞ , for the kth ray connecting source i with receiver j at distance r can be written as: 
where S i is the source spectrum, h ij ð#; /Þ is the radiation pattern term, I j is the instrument transfer function, T j is the site transfer function, G ij is the geometrical spreading term, v is the velocity, and Q P;S is the quality factor. The line integral is extended to the kth ray. The correspondent coda wave spectrum, around the lapse time, t c , is given by (Aki 1980) :
where Pðf c ; t c Þ is a function describing the scattering process. It can assume any analytical form, depending on the scattering model assumed (Del Pezzo et al. 2006) . Applying logarithms to the ratio of Eqs. 1 and 2 and grouping some terms, we obtained the following relationship:
where we have assumed a geometrical spreading coefficient, c, which we invert together with the attenuation parameters (La Rocca et al. 2001; Morozov 2011; De Siena et al. 2014) . The term K of Eq. 3 describes the effect of the source radiation pattern and depends Surv Geophys (2015) 36:693-716 701 on the scattering model assumed. The effect of the source radiation pattern can be ignored if the signal analysis window is chosen wide enough that a proportion of the focal sphere is effectively sampled, as indicated by Del Pezzo et al. (2006) . Additionally, in our data analysis we will use shots generated by air guns mounted in an oceanographic vessel, so that the source dimension can be assumed as point-like, and the radiation pattern as uniform. Therefore, the effects of radiation pattern are neglected.
For the present inversion, we will use a highly realistic velocity model to trace rays derived from the velocity seismic tomography of the region using the same dataset. Along a ray path, it is well known that the geometrical spreading coefficient, c, may change, due to the perturbation of the wave front in the complex medium. We instead used the average geometrical spreading coefficient that we assumed to be that associated with a spherical wave front. Therefore, the changes in geometrical spreading may be incorporated into the changes in scattering Q (velocity fluctuations). Despite the trade-off between Q scattering and gamma (an effect that is widely observed in the literature), both parameters are associated with the same velocity fluctuations. A wider discussion about this theme can be found in De Siena et al. (2010) .
There is an additional number of effects we assume into the estimation of Q. Focusingdefocusing (Nolet 2008) interference and other may all included into Q scattering. Therefore, inferred Q anomalies take implicitly into account the multiplicity of such effects. Similar observations were carried out by several authors such as Ibáñez et al. (1993) , Akinci et al. (1995a) and Akinci et al. (1995b) . These authors point out that the geometrical spreading and quality factor Q are strongly coupled, in the sense that the estimate of Q depends on c and vice versa. Direct measurements of the geometrical spreading factor show that c depends on the density of heterogeneities (Ibáñez et al. 1993) , possibly affecting the scattering Q estimate rather than the intrinsic Q (e.g., Akinci et al. 1995a ).
We invert the P-to-coda energy ratios with the MURAT code in a single-step inversion (De Siena et al. 2014) . We set the start time of the coda time window duration (3 s) to a lapse time of 17 s. The P-energy time window is set to 1.5 s. The inversion of the energy ratios for the average parameters provides an average Qp of 125. According to the resolution tests performed in the next section, the optimum size of the grid inversion is the use of cells of dimension of 2:8 Â 2:8 Â 2:8 km. In the following, we represent the variations with respect to the inverse of the average quality factor in the 3D space (DQ À1 P , in %).
Resolution, Stability and Robustness Tests
In order to check both robustness of the algorithm and the reliability, stability and resolution of the results, we perform (1) a checkerboard test, (2) a jackknifing test, (3) a test of the influence of the velocity model on results and (4) a synthetic anomaly test mimicking the results.
Checkerboard Test
In order to test the resolution of the entire region, we performed the well-known checkerboard test, whose results are shown in Fig. 4 (horizontal slices) and Fig. 5 (vertical c Fig. 4 Input (top left) and output of the checkerboard test are shown on five horizontal slices taken at different depths (2.2 km a.s.l and 0.6, 3.4, 6.2 and 9 km b.s.l.). Tenerife Island contour is over-imposed on each panel. In the 2.2 km a.s.l. panel (top right), the position of the vertical sections of next figures are shown sections). We generated synthetic P-to-coda energy ratios, and we added Gaussian random error with zero mean and 3 times the standard deviation. We inverted the synthetic data using blocks crossed by at least 10 rays with 2.8 km node spacing, starting at 2.2 km, and having quality factors equals to 100 or 1000. The checkerboard test results are well resolved in all obtained depths. In the horizontal slices, some external regions 6.2 km b.s.l. have a limited resolution that will not affect our final interpretation.
Jackknifing Test
To test the robustness of the data, we applied a jackknifing test consisting in the random removal of different percentages of data. The results of the test are shown in Fig. 6a -c. As can be observed, the main attenuation patterns do not change up to a 40 % removal of the data. The large number of events used gives us a strong stability of our final images that will be unaffected by potential lack of data.
Influence of Velocity Model
In order to check the influence of the velocity model on our attenuation results, we proceeded to randomly disturb it using some amount of noise. The procedure was to introduce some percentage of random variation in the 3D velocity model and to check the potential variations of the 3D attenuation model. The non-perturbed model is shown in Fig. 6d . We introduced a 5 and 10 % of random variation (uncorrelated Gaussian noise) to the original velocity model, and the obtained attenuation images (Fig. 6e, f) are almost identical to the original. This result demonstrates that our attenuation model is not coupled Fig. 4 ). The vertical scale is enlarged for clarity (no trade-off) with the velocity model, and the observed stability could be again associated with the large number of used data.
Synthetic Anomaly Test
We also tested the resolution of our results by assuming different synthetic anomalies of high and low attenuation and different size. We imposed 10 9 20 9 6 km 3 very low attenuation anomaly in the north coast, 10 Â 10 Â 5 km 3 low attenuation anomaly in the southwestern region, 20 Â 15 Â 8 km 3 high attenuation anomaly in the northwestern zone and 5 Â 5 Â 5 km 3 very high attenuation anomaly in the central part of Tenerife Island. We add the same amount of Gaussian random error to the synthetic P-to-coda energy ratios calculated from the checkerboard test and inverted the synthetic data. The obtained results are shown in Fig. 6g-i . All the anomalies are well reproduced which points out the good resolution of the region under study. The high density of rays provides us a good tool to solve with quality and confident the area under study.
Results and Discussion
The association of seismic attenuation anomalies to the corresponding rock properties is at present a complex task. Nowadays, the geological interpretation of the tomographic images is mostly based on physical interpolations and qualitative considerations, even if laboratory experiments and measurements are providing new evidences among their relationship. Vanorio et al. (2005) report a detailed discussion about the rock physics parameters and their relationship with seismic velocities at Campi Flegrei caldera (Southern Italy), giving insights into the dependence of V p and V s velocity from pore fluid pressure, porosity and temperature. More difficult is the interpretation of the attenuation anomalies. Total Q (the parameter which is generally represented in attenuation tomography as the present study) is the combination of intrinsic Q and scattering Q. The separate estimate of these two parameters is needed for a correct discrimination between temperature effects (lowering intrinsic Q, see De Lorenzo et al. 2001 ) and the contribution of strong heterogeneities (lowering scattering Q, see Sato et al. 2012) . Moreover, the S-wave and P-wave attenuate in a different way in the same rock typology. V p is relatively unaffected by the presence of fluid elements in the rock matrix, while a strong decrease in V s velocity should be presented. Intrinsic Q for P-waves should hardly change, while a strong decrease in both Pand S-waves' scattering Q should be presented. We report some examples of possible interpretations in Table 1 , which can be useful when multiple images based on different seismic attribute measurements are jointly available in the same region.
Tenerife Island Q values
The inversion of the energy ratios for the average parameters provides an average Q p of 125. In general, this average Q value is low in comparison with the expected average Q value for the Earth's crust (Sato et al. 2012 ). According to the resolution test performed in Sect. 4, the optimum size of the grid inversion is the use of cells of dimension of 2.8 9 2.8 9 2.8 km. In Fig. 7 , we plot the five horizontal slices obtained from 2.2 km (above sea level) to the maximum depth of 9 km (below sea level). In Figs. 8 and 9 , we show six vertical sections: 3 in S-N direction and 3 in the W-E direction as indicated in Fig. 4b . Table 1 Different values of P-and S-wave velocity and attenuation parameters and Vp/Vs ratio and its possible interpretation based on scientific papers reporting such interpretations Observing Fig. 8 , the inner attenuation structure of Tenerife Island has several areas of high and low seismic attenuation contrast (red and blue areas, respectively). In the present discussion, we will describe in detail those we consider the most relevant, or due to their high contrast in the attenuation values, or because we can associate them with other geophysical, petrological or geological evidences of their existence and nature. These anomalies will be marked as H and L (high and low seismic attenuation) in the following figures. The rest of the non-described anomalies will be integrated in a further multidisciplinary study (García-Yeguas et al. 2015 in preparation) where these authors will integrate new geophysical and geological evidences that could help to interpret them. We can highlight the following main characteristics: 1: At shallower depths (over 5-6 km b.s.l.), Tenerife Island is mainly characterized by a low seismic attenuation structure (the general green color observed in Figs. 8 and 9 ). This observation is mostly common in several volcanic areas studied such as Mt. In general, this low attenuation, that also is coincident with the high-velocity structure, is interpreted as the response of consolidate and cold materials, as expected of classical stratovolcanoes. 2: At larger depths (underneath 6 km b.s.l.), high seismic attenuation dominates in the hole region (orange and red color in the bottom of Fig. 8 ). The observed low Q values can be associated with the potential presence of warmer materials with plastic behavior. Previous studies (e.g., Watts et al. 1997; Dañobeitia and Canales 2000; Lodge et al. 2012 ) have identified the possible existence of magma underplating beneath Tenerife Island analyzing seismic and other geophysical evidences. These authors identified the Moho below Tenerife at a depth around 15-18 km locating the magma underplating around or upon the Moho. In these studies, several discontinuities are observed such as crust-sediment or sediment-volcanic edifice. These zones are optimal for magma accumulation. This evidence is also confirmed with petrological analysis of mafic rocks which show differentiation characteristics (Ablay 1997; Neumann et al. 1999; Thrilwall et al. 2000) . 3: At very shallow depths (close to the surface), we can identify a few areas with high seismic attenuation (e.g., H1 anomaly of Figs. 7 and 8 ). This anomaly is located just in the Las Cañadas caldera edifice. According to geophysical studies of Coppo et al. (2008) , Coppo et al. (2010) , Piña-Varas et al. (2014) and Villasante-Marcos et al. (2014) , the caldera is filled by unconsolidated rocks and highly fractured material from Teide-Pico Viejo stratovolcanoes. Additionally, they identified in the caldera the presence of hydrothermally altered rocks and shallow aquifers. It is remarkable that H1 anomaly has a very similar geometry of these complex and altered structure. However, the resolution used in Fig. 8 cannot allow us to observe additional details. It is also worth mentioning that the contrast in seismic attenuation values surrounding the H1 anomaly could be identified as the limit of the caldera depression. Similar observations of the effect of shallow unconsolidated material have been done in Deception Island (Prudencio et al. 2015) , Okmok volcano (Ohlendorf et al. 2014 ) or Campi Flegrei (De Siena et al. 2010 . 4: A remarkable result is the identification in the inner part of Tenerife Island of several structures characterized by very low attenuation, L1, L2 and L3 of Figs. 7, 8 and 9 . These low attenuation structures are usually identified as consolidate cold magmatic bodies, e.g., Etna (Martínez-Arevalo et al. 2005) , Vesuvius ).
These rigid bodies additionally can act as reflecting or scattering structures. These structures can affect the composition of the coda waves of local seismograms, as observed by Del Pezzo et al. (1997) or can be identified as strong coherent arrivals in the coda of the used signal and draw the position of them as performed by De Barros et al. (2012) . It is remarkable that anomalies L1, L2 and L3 were previously identified by the above authors using scattered seismic waves [(Fig. 8 from De Barros et al. (2012) ]. These authors interpreted that these bodies as possible ancient magmatic chambers that fed eruptions of the last 2000 years occurred in Teide-Pico Viejo-Las Cañadas complex. In fact, these anomalous bodies could correspond to crystallized magma emplaced at the main rheological discontinuities that exist inside Tenerife, these being the base of the volcanic edifice (at 4-5 km b.s.l), the contact between Miocene sediments and the basaltic oceanic crust (5-7 km b.s.l) and the crust-mantle boundary (15-16 km b.s.l). The existence of magmatic reservoirs or underplating at such depths during certain stages in the evolution of Tenerife is also evidenced by the existing seismic reflection profiles (Watts et al. 1997; Dañobeitia and Canales 2000) and petrological data (Ablay 1997; Neumann et al. 1999; Thrilwall et al. 2000) , which suggest that mafic magmas appearing on Tenerife have occasionally been evolving at such depths or equivalent pressures. 5: Outside of Las Cañadas caldera, we identify a low attenuation area marked in Figs. 7, 8 and 9 as L4 anomaly. This anomaly cannot be linked directly to the other structures. It is located in the north of Tenerife Island in a region called Orotava Valley (Fig. 1 ). This shallow low seismic attenuation zone can be interpreted as resulting from the high contrast exerted by the basaltic shield in a zone where the Cañadas edifice succession was removed by the formation of the landslide valley. This valley was subsequently infilled. This also suggests that the headwall of this valley does not affect the interior of the Cañadas caldera, thus supporting the idea that the caldera and the Icod valley resulted from two different destructive processes (see Martí et al. 1997) . 6: There is an interesting high attenuation area located at intermediate depths (H2 in Figs. 7 and 8) which could be associated with recent eruptions. This zone is located below a region in which a strong fissural eruption took place at the beginning of the XVIII century (1704-05 Fasnia-Arafo-Siete Fuente eruptions, see Fig. 1 ) (RomeroRuiz 1991) . Making a vertical profile in Fig. 8d , on the top of H2 we identify a shallow high attenuation area that can be interpreted as the effect of volcanoclastic deposits of the eruptive processes. Between the surface and H2, the lower attenuation zone can be associated with cooled conduits, and H2 is the effect of the remaining hot materials at depth. This area is characterized also by low P-velocity. We can interpret the observed values as the effect of volcanoclastic deposits in surface combined with the remaining hot materials in depth.
Velocity Versus Attenuation
It is observed that P-wave velocity ) and attenuation images match each other at shallow depths (from surface to 4-5 km depth). In this depth range, the c Fig. 7 Results of the attenuation tomography are shown for the five horizontal slices taken at different depths: a ?2.2 km, b -0.6 km, c -3.4 km, d -6.2 km and e -9 km. The color scale show the variations (in percentage) of the attenuation model with respect to the average quality factor. The high and low attenuation anomalies discussed in the text are shown as white squares and white labels (H1, H2, L1, L2, L3, L4). In e panel (-9 km b.s.l.), the position of the vertical sections of the next figure are shown Fig. 8 Results of the attenuation tomography model are shown in six vertical sections crossing the island (see Fig. 4 ): a SN 1, b WE 1, c SN 2, d WE 2, e SN 3 and f WE 3. The color scale show the variations (in percentage) of the attenuation model with respect to the average quality factor. The high and low attenuation anomalies discussed in the text are shown as red squares and red labels (H1, L1, L2, L3, L4) Fig. 9 3D perspective view of the final attenuation tomography model coincidence between high-velocity and low attenuation zones predominates. The predominance of high attenuation corresponding to low velocity at surface is generally interpretable due to the presence of partially unconsolidated materials, with the possible presence of water layers. A completely different pattern can be observed at higher depths, where the high attenuation zone does not correspond to a low-velocity zone. This is possibly due to lack of resolution effects which could be present in the deepest borders of the volumes investigated with the velocity tomography, which unfortunately coincide with the zone with high attenuation. On the other hand, the high attenuation zone present at 6-10 km everywhere below Tenerife is well inside the optimal resolution achievable with the attenuation tomography technique utilized in the present paper.
Las Cañ adas-Teide-Pico Viejo Complex Attenuation Structure
As indicated above, the cells size used for the inversion cannot permit us to solve with enough details some structures. However, the ray coverage shown in Fig. 2 suggests that the center of the island could be inverted with higher resolution. It is remarkable that this region is coincident with Las Cañadas-Teide-Pico Viejo complex. Around Teide volcano, there is a region of 10 Â 10 km 2 in which cells of 1:4 Â 1:4 Â 1:4 km 3 have optimal resolution (Fig. 10) up to a depth of 6 km b.s.l. Vertical attenuation profiles (N-S and W-E) are plotted in Fig. 10 . The new images show that the maximum thickness of the collapsed zones, represented by the high attenuation H1 anomaly, of Las Cañadas caldera is between 1.5 and 2 km, coinciding with new structural estimates for the collapse of this caldera (Iribarren 2014) . Other remarkable new results are the identification of two new small low attenuation bodies located just bellow the Teide-Pico Viejo volcanic complex (L5 and L6 in Fig. 10 ). They can be interpreted as old potential shallow magma reservoirs. The existence of these small ancient magma bodies has been frequently assumed to be located in this zone. When the Cañadas edifice was active, this zone accumulated most of the intrusions of deeper mafic magma in the central part the island due to the shadow effect that phonolitic chambers exerted on more deeper magma avoiding them to reach the surface at that zone (Martí and Gudmundsson 2000) . In consequence, most of mafic magmas intruding below the shallow phonolitic systems crystallized there forming dense bodies of gabros, as is testified by high gravimetric positive anomalies (Ablay and Kearey 2000; Gottsmann et al. 2008 ) and the present gabroid xenoliths in some Las Cañadas caldera forming pyroclastic deposits (Martí et al. 1994; Pittari et al. 2008 ). The same area seems to be the site today for the accumulation of deeper magmas that then differentiate and evolve into the phonolites that feed Teide-Pico Viejo eruptions, as is indicated by experimental petrology data (Andújar et al. 2010) . Therefore, such small phonolitic reservoirs, assumed from the size of the last phonolitic eruptions (see Martí et al. 2008) , have been able to be identified with the present higher resolution.
Conclusions
In the present work, we provide new observations and interpretations of the inner structure of the volcanic island of Tenerife based on the first high-quality 3D attenuation tomography. The seismic attenuation images are combined with previous geophysical, petrological and geological observations providing an integrated vision of the zone.
In general, the whole region is dominated by low attenuation structures, as expected for a volcanic environment. A first regional inversion with lower resolution allowed us to clearly associate the deeper high attenuation anomalies with the potential magma underplating predicted previously by several authors. The central zone of the island, characterized by a single low attenuation structure, is an additional evidence that could support the theory that Tenerife Island evolved in its origin from a potential single source rather than a possible three-arm structure. In this rigid structure, lowest attenuation anomalies are associated with intermediate-deep ancient magmatic chambers that could feed the volcanic complex. At the surface, the island has strong attenuation contrasts. In some areas, high attenuation anomalies are evidenced, such as Las Cañadas edifice or the regions in which recent historical eruptions occurred. These high attenuation behaviors are interpreted as the combined effect of volcanoclastic deposits, sediments, multifracture structures, hydrothermal alterations or shallow aquifers. The shallow low attenuation body located in La Orotava valley could provide additional evidence that the destructive processes associated with this valley and Las Cañadas edifices could have originated independently.
Higher-resolution images performed around Teide volcano permitted us to better constrain the depth and size of the infilled Cañadas caldera and to identify a few cooled structures that could be associated with ancient shallow phonolitic reservoirs.
As a final conclusion, we can infer that the attenuation studies are a fundamental tool to better constrain the physical properties of volcanic regions and, therefore, contribute to solid arguments that could help to better understand the volcano dynamics.
